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In the Adriatic Sea, shifts in benthic community structure have been attributed to multiple
stressors, from the effects of climate change to the impacts of commercial fishing.
Some fishing practices, such as bottom trawling, have caused a widespread decline
in exploited fish stocks. Bottom trawling is also expected to have negative impacts on
benthic habitats, usually structured by and hosting a large array of invertebrate species,
which provide important ecological services to fish and commercial invertebrate stocks.
However, in contrast to commercial species for which long-term time series of the
abundance exist, data on these habitat-forming invertebrates are scarce, as they are
usually caught as bycatch and discarded. Therefore, there is great uncertainty about
their long-term trends, and if these populations are stable or declining. Here we used
interview surveys conducted with bottom-trawling fishers of the central Adriatic Sea
to gather local ecological knowledge on megabenthos abundance occurring in their
fishing domain, as an alternative source of information to conventional fisheries data.
We interviewed 44 fishers, from the most important ports of the Marche region of Italy,
to understand how megabenthic species have changed in abundance within the area
since the 1980s. Specifically, we asked fishers to provide qualitative abundance scores
for 18 invertebrate species in five phyla (Porifera, Cnidaria, Bryozoa, Mollusca, and
Echinodermata) based on their recollection of these species’ presence in bycatch. We
stratified responses in homogeneous temporal periods and geographic sectors of the
study area, and analyzed their response with mixed effect ordered logistic regression
models in order to evaluate spatiotemporal changes in the perceived abundance of each
species. Our analysis suggests that the abundance of the sponge Geodia cydonium,
the molluscs Pecten jacobaeus, Atrina fragilis, Neopycnodonte cochlear, and the group
of holothurians, have declined. From fishers’ perceptions, only the bryozoan Amathia
semiconvoluta has increased. Local ecological knowledge can provide important
information on environmental change and can highlight species and ecosystems at risk
when conventional scientific data are scarce or absent. This approach can be expanded
to other regions of the Adriatic and broader Mediterranean Sea to reconstruct change of
this heavily exploited marine region.
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INTRODUCTION
Marine ecosystems are subject to escalating pressure from
the cumulative impact of multiple anthropogenic stressors
(e.g., pollution, eutrophication, ocean acidification, and fishing),
causing biodiversity loss, habitat degradation, and stock declines
(Halpern et al., 2008, 2015; Coll et al., 2012; Micheli et al., 2013a).
Fishing activities, in particular those employing non-selective
gear such as bottom trawling and drift nets, are considered
one of the most important anthropogenic sources of marine
ecosystem decline, causing both direct (crushes and buries
marine animals) and indirect (sediment removal, alteration of
water-column fluxes, reduction of the original complexity of
fishing grounds) impacts on marine populations and habitats
(Watling and Norse, 1998; Jackson et al., 2001; Puig et al., 2012).
These impacts are evident in the Mediterranean Sea, which
combines a long history of exploitation with a high level of
social, economic, and political complexity that present major
challenges for effective marine management and conservation
(Coll et al., 2012; Micheli et al., 2013a,b). To date, 85% of assessed
Mediterranean stocks are overfished (Colloca et al., 2013),
and current fisheries management is considered inadequate
(Fouzai et al., 2012). The management strategies adopted in
the Mediterranean basin largely take a single species approach
instead of an ecosystem-base management approach (de Juan
et al., 2012). Most regulations are aimed at reducing fishing
effort and fishing capacity, and/or at implementing technical
measures such as the regulation of mesh size, the establishment
of a minimum landing size, and temporal, mostly seasonal fishing
closures (de Juan et al., 2012; Fouzai et al., 2012; Colloca et al.,
2013). However, scientific advice is rarely used to implement the
spatial and temporal fisheries management strategies needed to
achieve sustainable yields and to preserve the ecological role of
the exploited species and their habitats (Colloca et al., 2013).
A major shift in management focus has occurred over the
last 10 years through an increased awareness of the fundamental
role played by habitat in fished stocks conservation and recovery,
which has, in turn, led to the key concepts of Vulnerable
Marine Ecosystems (VMEs) and Essential Fish Habitats (EFHs)
(UNGA, 2006; FAO, 2009). VMEs and EFHs include both water
column and sea bottom areas that support the productivity of
commercial species and that are vulnerable to human activities,
in particular to bottom trawling (Rosenberg et al., 2000; FAO,
2009). VMEs and EFHs include spawning, nursery and feeding
grounds, together with foundation species (Dayton, 1972), i.e., “a
single species that defines much of the structure of a community
by creating locally stable conditions for other species, and by
modulating and stabilizing fundamental ecosystem processes.”
This is the role played for examples, by the animal forests,
in particular anthozoans (Cerrano et al., 2010; Valisano et al.,
2016) whose functional and structural role is receiving increasing
attention (Rossi et al., 2017). Numerous initiatives have been
developed in order to map the presence and distribution of
VMEs and EFHs, and to provide useful tools to help managers
and decision makers in the selection of priority areas and in
the definition of management plans to ensure the long-term
conservation and sustainable use of marine resources (Stecf,
2006; OSPAR Commission, 2010; Rogers and Gianni, 2010;
Rengstorf et al., 2013).
Unfortunately, the lack of historical information limits our
ability to reconstruct habitat distribution and trends, and
assess the current status of VMEs and EFHs. Most of the
studies of changes through time have focused on decline of
exploited fish populations or top predators (Barausse et al.,
2011; Ferretti et al., 2013; Mazzoldi et al., 2014). More limited
historical information is available for non-target species, such
as benthic invertebrates caught as bycatch. Thus, reconstructing
past distribution and abundances of benthic habitats and species
is challenging. Such baselines and trends, however, are critical for
assessing the current status of EFHs and VMEs and establishing
reference targets for their recovery (Engelhard et al., 2016).
Over the last decades, “Local Ecological Knowledge” (LEK) has
emerged as an alternative approach to collecting information
on species presence or abundances when historical data are
lacking (Huntington, 2000; Anadón et al., 2009). However, up
to now, the use of LEK in the Mediterranean Sea has been
limited to collecting information and describing trends in fish
diversity and abundances (Azzurro et al., 2011), and discarding of
commercially important fish species in the bottom trawl fishery
(Damalas et al., 2015a,b). Here, we apply LEK to examine the
temporal change of habitat-forming invertebrates in the Adriatic
Sea.
The Adriatic Sea is one of the most productive regions of
the Mediterranean Sea, hosting a variety of endemic species, and
important nursery, spawning, and foraging grounds (Coll et al.,
2010; de Juan and Lleonart, 2010; Colloca et al., 2015). Humans
have exploited the Adriatic Sea since the prehistoric era (Lotze
et al., 2011). This long history of human use, together with global
environmental changes (Conversi et al., 2010; Zenetos et al.,
2011; Giani et al., 2012) have greatly altered the Adriatic marine
environment and ecosystems (Coll et al., 2007, 2009, 2010; Lotze
et al., 2011), and ranked the basin as one of the most threatened
regions of the Mediterranean Sea (Micheli et al., 2013b). The
description and distribution of Adriatic benthic communities
have been studied from ancient time both, on a larger scale
(Vatova, 1949; Gamulin-Brida, 1974) and a local scale (Paolucci,
1923; Scaccini, 1967; Scaccini and Piccinetti, 1969; Fedra et al.,
1976; Crema et al., 1991) with an exhaustive description of
its biocoenosis and biodiversity of megabenthic species. Several
studies, most of which conducted in the northern Adriatic Sea,
have described negative trends and chronic effects of commercial
species and benthic communities due to trawling activities (Hall-
Spencer et al., 1999; Jukic-Peladic et al., 2001; Pranovi et al., 2001,
2005; Morello et al., 2005; Romanelli et al., 2009). More than
90% of Adriatic marine resources are depleted and the current
management of fisheries is inadequate (Lotze et al., 2011; Fouzai
et al., 2012). Mean discard rate in Adriatic bottom trawl fisheries
ranges between 20 and 67% of total catches, higher than the
Mediterranean average (Tsagarakis et al., 2013; FAO, 2016), with
a rate that varies according to fishing intensity.
Little is known about temporal variation in the abundance
of megabenthic species, foundation species, VMEs and EFHs
in the Adriatic Sea. In the northern Adriatic, studies have
revealed a shift from benthic communities characterized by the
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presence of filter-feeding epifaunal organisms forming complex
3D habitat (such as sponges, sea pens, ascidians, holothurians,
and large bryozoans) to a community dominated by infaunal
and scavengers species (Raicevich et al., 2004; Lotze et al., 2011).
This information is not available for other Adriatic sectors. In
this study, we used LEK to describe changes in the abundance
of habitat-forming megabenthos, and highlight species and
ecosystem at risk.
MATERIALS AND METHODS
Study Area
The study was conducted from January to April 2016, in the
main fishing ports of the Marche region (Italy, central Adriatic
Sea): Ancona, Civitanova Marche, and San Benedetto del Tronto
(Figure 1A). The area is characterized by sandy-muddy bottoms
(Brambati et al., 1983; Spagnoli et al., 2014) with depths that do
not exceed 100 m, apart from the Pomo pit (Russo and Artegiani,
1996). Benthic assemblages on the western side and offshore
are dominated by endofauna, where the main variety, richness,
and biomass is represented by bivalve mollusks, and polychaetes
(Vatova, 1949; Gamulin-Brida, 1974; McKinney, 2007). Epifauna
biomass is higher in areas around 50–75m depth, and the
most representative organisms include sponges, ascidians, and
anemones (Scaccini, 1967; Piccinetti, 1976; McKinney, 2007).
Fishing is intense in the Adriatic region. The main Italian
fisheries are small-scale fishing (around 49% of the total number
of vessels), followed by dredges (around 26% of vessels), and
bottom otter trawl (24% of vessels) (EU fleet register, 20171).
In 2011, the Marche region was the third highest region for
total volume landings in the Italian Adriatic region, with more
than 7,000 tons of total landings in volume coming from bottom
trawls. However, landings decreased by 28% between 2004 and
2011 (IREPA Onlus, 2011).
Collection of Local Ecological Knowledge
Information was gathered using a structured interview
(Supplementary Materials). In each port, we interviewed only
otter trawl fishers, identified through their main associations or
cooperatives. These groups included the cooperative “Pescatori
Motopescherecci” of Ancona, which includes 54 members (51
vessels are trawlers and 3 vessels are small fishing vessels); the
association “Casa del Pescatore” of Civitanova Marche, formed
by 34 bottom trawlers; and finally, the fishery located in San
Benedetto del Tronto, which includes 35–38 vessels practicing
bottom trawling. Fishers were selected on their availability to
participate to our survey. An “Oral Consent Procedure” was
followed: all potential interviewees were provided with the
purpose of the study and with the usage of collected data before
obtaining their consent. All involved fishers willingly agreed
to participate in the survey. Interviews were kept anonymous
and responses were coded with a numeric identifier making it
impossible to disclose any personal sensitive data and track the
individual fishers.
We selected 18 invertebrate species in five phyla (Porifera,
Cnidaria, Bryozoa, Mollusca, and Echinodermata). Species were
1Available online at: http://ec.europa.eu/fisheries/fleet/index.cfm
selected according to one or more of the following criteria:
the species should be easily recognizable, common/abundant in
the catches, a habitat-forming species, or play a fundamental
ecological role (i.e., add tridimensionality to the substrate or
acting as a nursery, providing refuge for eggs or small fishes
and/or invertebrates; Table 1). Among the selected species, only
the scallop (Pecten jacobaeus) is actively targeted by fishing, while
the others are all discarded.
First, we asked questions helping us to characterize the profile
of each fisher: age, year he started fishing, and the characteristics
of fishing gear used (such as size of the horizontal opening, mesh
size of the cod-end nets). Then we used a photographic guide
to identify and match local and common species names with
the scientific names of the animals for which we were asking
questions.
We stratified responses in homogeneous temporal periods
and geographic sectors of the study area (Figure 1A) to evaluate
spatiotemporal changes in the perceived abundance of the focal
species. We asked fishers to relate information to four periods:
1980–1989, 1990–1999, 2000–2010, and 2010 up to the present.
Once the different species were identified as present in the
bycatch for a given period, with the aid of a nautical map
(1:750.000) of the Adriatic Sea, we asked the fishers to localize the
areas where they usually found each species. The area of interest
(minimum latitude and longitude: 42◦40′N–12◦30′E, maximum
latitude and longitude: 44◦40′N–15◦30′E) was divided into 22
sub-areas. Each sub-area has a size of around 55× 40 km and was
identified by a letter to easily analyze the collected information
(Figure 1A).
We defined four qualitative classes of reported species
abundance, using different metrics (abundance vs. catch volume)
for different species depending on the possibility to count
single specimens. In particular, for colonial specimens such as
cnidarians and bryozoan, we used catch volumemetric. Thus, the
used qualitative classes of abundance were: 0= never observed; 1
= rare (1–10 specimens in the cod-end of the net, or for colonial
specimens such as cnidarians and bryozoan, “rare” corresponds
to an overall dimensions of <¼ of the net in volume); 2 =
common (11–50 specimens; for cnidarians and bryozoan ¼–¾
of the cod-end of the net in volume); 3 = very abundant (more
than 50 organisms; for cnidarians and bryozoan >¾ of the cod-
end of the net in volume). A detected change in abundance class
has to be interpreted in relative terms within the species being
analyzed but cannot be compared across species. The fishers
thus attributed a rank of abundance for each species (0–3), in
each time period (1980–1989, 1990–1999, 2000–2010, and 2000–
2016), depending on their experience, and fishing location. We
asked fishers to identify the abundance of each species for each
time period, for each sub-area present on the map. In this
manner, the response of each fisher, and the resulting temporal
change over time would apply to all single sub-area identified by
the fisher.
Statistical Analysis
Statistical analyses were performed using the open access
software R (version 3.3.1). All the selected benthic species
observed by the fishers as discards in different locations (i.e.,
identified sub-areas) and in the different time periods were
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FIGURE 1 | Maps showing the geographical location and ports where fishers were interviewed (Ancona; Civitanova Marche; San Benedetto del
Tronto) and trends of the taxa or species analyzed in our study. (A) Grid used to stratify the focal area. Letters are sector codes used to collect information
about fishing locations during interviews. Gray lines identify areas outside Italian and Croatian territorial seas; black lines show the bathymetry. (B) Trends in the
abundance of the sponge Geodia cydonium; (C) Trends in the abundance of the sea-pen Funiculina quadrangularis; (D) Trends in the abundance of the bryozoan
Amathia semiconvoluta; (E) Trends in the abundance of the scallop Pecten jacobaeus; (F) Trends in the abundance of the fan mussel Atrina fragilis; (G) Trends in the
(Continued)
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FIGURE 1 | Continued
abundance of the deepsea oyster Neopycnodonte cochlear; (H) Trends in the abundance of Holothuria spp. Dots are the class predictions according to the ordinal
regression models. The trend lines (blue lines) were included for visual purposes to aid the detection of overall temporal trends in the abundance classes. Even if some
sector specific panel is falling on land, it is intended that the relative data has been collected in the portion of the square on the sea. n, number of fishers that gave
information per species per sub-area.
TABLE 1 | List of the selected megabenthic species for which we asked fishers to provide qualitative abundances in the central Adriatic Sea, with the
ecological, and functional role played by each species and their conservation status.
Phylum Species name Ecological role Conservation
Porifera Geodia cydonium (Linnaeus, 1767) Nursery, Secondary substratum, Substrate
stabilization, Benthic-pelagic coupling, Nutrient
cycling
Barcelona Convention 1992b
Porifera Suberites domuncula (Olivi, 1792) Secondary substratum, Benthic-pelagic coupling,
Nutrient cycling
Not applicable
Cnidaria Lytocarpia myriophyllum (Linnaeus, 1758) Nursery, Ecosystem engineer Listed as priority species in Ireland and Great
Britain; no protection in Italy
Cnidaria Funiculina quadrangularis (Pallas, 1766) Ecosystem engineer, Potential nursery Critically endangered IUCN red list, 2014c
Cnidaria Pteroeides spinosum (Ellis, 1764) Ecosystem engineer, Potential nursery Data deficient IUCN red list, 2014c
Cnidaria Virgularia mirabilis Ecosystem engineer, Potential nursery Vulnerable IUCN red list, 2014c
Cnidaria Pennatula spp. Ecosystem engineer, Potential nursery Data deficient IUCN red list, 2014c
Cnidaria Lophelia pertusa (Linnaeus, 1758) Ecosystem engineer, Nursery Barcelona Convention 1992-Annex IIa,
Critically endangered IUCN red list, 2014c
Cnidaria Madrepora oculata (Linnaeus, 1758) Ecosystem engineer, Nursery Critically endangered IUCN red list, 2014c
Cnidaria Dendrophyllia cornigera (Lamarck, 1816) Ecosystem engineer Vulnerable IUCN red list, 2014c
Cnidaria Caryophyllia (Caryophyllia) smithii (Stokes
and Broderip, 1828)
Macrofauna producing consistent skeletons Not applicable
Cnidaria Leptogorgia sarmentosa (Esper, 1789) Ecosystem engineer, Nursery Least concern IUCN red list, 2014c
Bryozoa Amathia semiconvoluta (Lamouroux, 1824) Potential nursery Not applicable
Mollusca Pinna nobilis (Linnaeus, 1758) Nursery, Secondary substratum Habitat Directive 92/43/CEEa,
Barcellona Convention 19922b
Mollusca Neopycnodonte cochlear (Poli, 1795) Secondary substratum Not applicable
Mollusca Pecten jacobeus (Linnaeus, 1758) Food for others animals Not applicable
Mollusca Atrina fragilis (Pennant, 1777) Nursery, Secondary substratum Not applicable
Echinodermata Holothuria spp. Bioturbation, Remineralization Holothuria atra least concern IUCN red list,
2013c
aCouncil Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora http://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?
uri=CELEX:31992L0043&from=IT.
bConvention for the Protection of the Marine Environment and the Coastal Region of the Mediterranean http://195.97.36.231/dbases/webdocs/BCP/bc95_Eng_p.pdf.
chttp://www.iucnredlist.org.
reported in the respective class of abundance. In particular, each
row of the final dataset reported the anonymous identifier of the
fisher, the age, the port of origin, the species name, the taxonomic
group (phylum) it belonged to, the class of abundance (from 0 to
3), the spatial location (latitude and longitude of the centroid of
each sub-area), the distance of each sub-area from the coast, the
mean depth of each sub-area, and the time period. When fishers
could not determine whether a species was present in the catch,
the location in the map or its abundance because they did not
remember, NA was entered in the dataset. Only species observed
more than twice, for each fishers-sub-areas combination (filter
observation for n > 2), and for which we had more than half of
fishers’ answers, were included in the analyses (Table 2).
We performed an ordered logistic regression, using the clmm2
function from the ordinal package, in order to assess the temporal
changes of the different species. An ordered logistic regression
model is a multinomial regression model where the dependent
variable has more than two nominal ordered response categories.
In particular, we fitted the cumulative link mixed model
logit(P(Yi ≤ j)) = θj− β1(timei)− β2(latitudei)
− β3(longitudei)− β4(distancei)
− β4(depthi)− u(fisheri)
i = 1, ..., n, j = 1, ..., J− 1
where P(Yi ≤ j) is the cumulative probability of the ith
observation falling in the jth category or below. Because
perceptions about the abundances of the species in the bycatch
are expected to vary across fishers, we included fishers as a
random effect.
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TABLE 2 | Percentages of fishers that clearly remembered (including
geographical localization) the selected megabenthic invertebrate species
in their by catch and for which we collected clear answers to our
questions.
Phylum Latin species name % of fishers’ answers
by species
Porifera Suberites domuncola 42
Geodia cydonium 84
Cnidaria Madrepora oculata 2
Caryophyllia (Caryophyllia) smithii 7
Virgularia mirabilis 9
Leptogorgia sarmentosa 12
Dendrophyllia cornigera 19
Lophelia pertusa 33
Pennatula spp. 39
Pteroeides spinosum 42
Lytocarpia myriophyllum 49
Funiculina quadrangularis 74
Bryozoa Amathia semiconvoluta 65
Mollusca Pinna nobilis 12
Pecten jacobaues 77
Neopycnodonte cochlear 84
Atrina fragilis 98
Echinodermata Holothuria spp. 100
In our study, the response ordered categories were the classes
of abundance (with four levels, each one representing a different
qualitative class of abundance), while time, spatial location
(latitude and longitude), depth and distance of each subarea from
the coastline were the explanatory variables. Ordinal regression
enabled us to determine which of our independent variables
(if any) had a statistically significant effect on the cumulative
probabilities of 4 abundance classes (Christensen, 2015). In
particular, we tested the influence of time, of spatial location,
of depth, and the relative distance from the coasts (i.e., where
we hypothesized a higher fisheries impact on coastal benthic
communities), on the abundances of Adriatic megabenthos
groups. To avoid collinearity, we first tested the correlation
among the available explanatory variables. Then, we calculate the
variance inflation factor (VIF). In our case, depth was strongly
related to longitude (correlation coefficient> 0.9), which in turn,
was an important covariate to account for spatial correlation
among observations. Therefore, in interpreting the results of the
models, we took longitude as a proxy of depth. Also, latitude
and longitude was strongly correlated (VIF ≥ 2), and to include
these variables in the models, we followed a sequential regression
method (Graham, 2003), which linearly regresses explanatory
variables (latitude and longitude) against each other and uses
the residuals to represent them. Finally, we also wanted to test
whether the perceived temporal change of species abundance
varied with distance from the coast. We predicted that as fishers
operated farther from the coast, we would have expected a lower
rate of change over time. This is because more distant sectors
would have been exposed to a lower cumulative amount of effort
than closer-to-coast areas. We tested this aspect by including an
interaction between distance and time in our initial models. Thus,
the final equation of our model was:
Model <− clmm2(classofabundance ∼ longitudei
+ res(latitudei ∼ longitudei)+ distancei
+ timei + timei : distancei, random
= fisheri, data = data)
We fitted the mixed effects model by maximum likelihood
estimation through Laplace approximation and the final model
was selected following a backward stepwise selection procedure,
and selecting the model with the lowest Akaike Information
Criterion (AIC). The predicted probabilities for an average
fisher’s perceptions (u= 0) have been calculated by including the
data used to fit the model.
Georeferenced plots were produced to visualize areas where
temporal changes of the selected megabenthic species have
occurred, according to fishers’ perceptions. To easily and clearly
communicate the temporal abundance trends of the analyzed
species, a linear regression line, when the temporal effect was
significant, was added to the plot. Some species were excluded
from the analyses because of a small number of fishers’ answers.
In these cases we only mapped them to show their presence in the
fishing grounds.
RESULTS
We conducted a total of 44 interviews (to 25 fishers fromAncona,
12 from San Benedetto, and 7 from Civitanova Marche). The
age of interviewees ranged from 42 to 82 years, with 80% of
them older than 50 (around 64% of fishermen were 50–60 years
old; fishermen between 40–50 years and between 60–80 years
were 18% of interviewees). Only 20% of fishers gave a detailed
description of the otter trawl gears they use, the others only stated
they use otter trawl gear.
The results of the ordinal regression mixed models indicate
an overall reduction of the analyzed species over time (p-values
for time ranges from <0.001–0.04; Figures 1B–G; Table 3). Of
all the independent variables used, time was significant for all
species (p-values<0.001–0.04;Table 3), longitude was significant
in P. jacobaeus, Neopycnodonte cochlear, and Holothuria spp, (p-
values <0.001–0.005; Table 3). The residuals of the regression
between latitude and longitude was significant in Amathia
semiconvoluta (p-values < 0.002; Table 3). Distance from the
coast was significant in P. jacobaeus, A. semiconvoluta, and
Holothuria spp. (p-values from <0.001 to 0.33; Table 3), while
the interaction between time and distance from the coast was
significant in A. semiconvoluta, P. jacobaeus, and Holothuria
spp. (p-values <0.001–0.007; Table 3). Moreover, in each model,
the random effect was significant (p-values always < 0.001)
indicating that individual fishers added a non-negligible level of
subjectivity in their perception of the changes in abundance of
the selected megabenthic species.
Declining abundances were reported for the sponge Geodia
cydonium (Figure 1B), while the abundances of the sea pen
Funiculina quadrangularis remained relatively stable from the
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TABLE 3 | Summary of the parameters of the best ordinal regression models (clmm2 models).
Phylum Latin species name/taxon Variable significance Maximum likelihood estimates
of the parameters {θj}
Df
Estimate p-value Estimate Std. Error z value
Porifera Geodia cydonium Res(lat∼lon) 1.03 0.09 1|2 −2.04 0.72 −2.81 569
Time −3.33 <0.001 2|3 6.29 0.85 7.39
Time:dist 0.34 0.07
Cnidaria Funiculina quadrangularis Time −0.21 0.04 1|2 −0.75 0.24 −3.09 410
Lon −0.19 0.33 2|3 2.86 0.29 9.72
Bryozoa Amathia semiconvoluta Res(lat∼lon) −2.77 0.002 0|1 −2.64 0.25 −10.40 283
Dist 0.95 <0.001 1|2 −0.10 0.18 −0.56
Time 0.78 <0.001 2|3 1.25 0.20 6.13
Time:dist 0.38 0.008
Mollusca Pecten jacobaeus Lon −1.61 0.006 0|1 −17.50 2.95 −5.91 284
Dist 2.04 <0.001 1|2 7.80 1.51 5.14
Time −9.85 <0.001 2|3 18.86 3.19 5.91
Time:dist 1.95 <0.001
Atrina fragilis Res(lat∼lon) 0.51 <0.40 0|1 −10.59 1.25 −8.46 308
Time −2.85 <0.001 1|2 0.11 0.66 0.16
2|3 4.87 0.81 5.97
Neopycnodonte cochlear Time −3.79 <0.001 1|2 −3.72 0.89 −4.20 454
Lon −0.56 0.003 2|3 3.81 0.89 4.27
Echinodermata Holothuria spp. Time −2.59 <0.001 0|1 −7.91 0.59 −13.36 979
Lon 0.84 <0.001 1|2 −5.12 0.46 −11.21
Dist 1.06 <0.001 2|3 0.64 0.37 1.73
Time:dist 0.62 <0.001
Variable names: lat, latitude; lon, longitude; dist, distance from coast; Df, degree of freedom of each model.
1980s up to now, except for very few sub-areas where the
species showed a slight decline (Figure 1C). The bryozoan A.
semiconvoluta is the only species that, based on the fishers’
perception, had an increasing trend in the last 40 years
(Figure 1D). Species belonging to the phylum Mollusca, in
particular the scallop P. jacobaeus, the fan mussel Atrina fragilis
and the deepsea oyster N. cochlear, have declined from very
abundant to rare in the study area from the 1980s to the
present time (Figures 1E–G). The abundance of the holothurians
also shows declining trends, even though Holothuria spp. are
perceived by fishers as still common in most of the central
Adriatic sea-bottoms (Figure 1H).
Our results did not reveal significant spatial patterns in the
trends of species. These trends were similar throughout the study
area and no significant differences were apparent between coastal
and offshore areas.
Fishers recognized all the species listed in our survey allowing
us to map several of them in the central Adriatic fishing
grounds (Figure 1; Supplementary Figure 1). In particular, the
sponge G. cydonium was recognized by 84% of interviewed
fishers, the bryozoan A. semiconvoluta by 65%, the sea pen F.
quadrangularis by 74%, the bivalves P. jacobaeus, A. fragilis, and
N. cochlear by 77, 98, and 84% respectively, and Holothuria spp.
were recognized by 100% of the interviewed fishers (Table 2;
Figure 1). The sponge G. cydonium was reported mainly in
offshore sub-areas (Figure 1B). The bryozoan A. semiconvoluta
has been found in several sub-areas of the central Adriatic,
usually as a rare occurrence, but with increasing abundances
moving toward offshore sub-areas (Figure 1D). P. jacobaeus
was reported mainly in the northern sectors and in sub-areas
no deeper than 70 m, while A. fragilis and N. cochlear were
collected also in deeper sub-areas (Figures 1E–G). Holothurians
were reported in almost all of the analyzed sea bottoms of the
central Adriatic Sea (Figure 1H). Although all fishers provided
us with answers about the abundances and the geographical
location of common invertebrates (such as molluscs bivalves or
holothurians), only a fraction of them detected the presence
in the bycatch of anthozoan species, which occurrences are
less frequent and distribution more patchy in the Adriatic sea-
bottoms (Table 2; Supplementary Figure 1).
DISCUSSION
The impact of towed gears on benthic communities has been
extensively studied in many exploited demersal ecosystems of the
world (Dayton et al., 1995; Collie et al., 1997; Jennings and Kaiser,
1998; Hall-Spencer et al., 1999; Thrush and Dayton, 2002). These
destructive practices have contributed to the decline of habitat-
forming species, VMEs and EFHs worldwide. This study reveals
that using fishers’ LEK can provide a useful tool to describe long-
term trends of both target and non-target species. Other studies
have recently demonstrated this methods is useful to detect
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patterns in exploited Mediterranean fish populations (Fortibuoni
et al., 2010; Azzurro et al., 2011). Here we highlighted its utility
also for a broader range of bycatch species across different
marine taxa, including those important to structure benthic
habitats. Species such as sponges, bivalves, and holothurians
that historically were reported as common in the soft-bottom
communities of the central Adriatic Sea (Scaccini, 1967; Scaccini
and Piccinetti, 1969; Gamulin-Brida, 1974) were perceived to
decline in the last 40 years, especially in the decade 1980–1990
(this study). In contrast, the bryozoanA. semiconvoluta increased
its distribution and abundance in some areas during the surveyed
period, revealing that fishers can easily detect the increase of
megabenthic species, particularly those that may affect fishing
activities. Fishing grounds where A. semiconvoluta is present in
high abundance, in fact, are usually not trawled because colonies
of this bryozoan can clog trawl nets’ meshes (Grati et al., 2013;
Salvalaggio et al., 2014).
Our study reveals that LEK may also provide a reliable and
alternative source of information to study the spatial distribution
of the benthic invertebrates. Clear spatial patterns in the
distribution of the selected species in the Adriatic fishing grounds
were apparent. In the Adriatic Sea, P. jacobaues lives in sandy
bottoms shallower than 70m (Piccinetti et al., 1986), and this
aspect was confirmed in our interviews. Moreover, our analysis
showed that P. jacobaeus is found by fishers also in southern
areas respect those previously described, even if in the same
bathymetric range were the bivalves used to live. Higher numbers
and biomass of Holothuria tubulosa and Holothuria forskali
were found between 20 and 100m depth, unevenly distributed
(Šimunovic´, 1997; Šimunovic´ et al., 2000). Our analysis revealed
that the presence of Holothuria spp. goes from 20m depth down
to the deeper sub-areas of the central Adriatic Sea. Thus, we
can suppose that environmental factors, such as depth, may be
considered directly related to the distribution of Adriatic benthic
invertebrates. LEK was also useful to detect rare and spatial
restricted species such as the cnidarians Madrepora oculata,
and Lophelia pertusa, which were only previously recorded in
death assemblages in the Pomo/Jabuka Pit (Angeletti et al.,
2014; UNEP/MAP-RAC/SPA, 2015). Although a small number
of fishers gave us answers in relation to these scleractinan species,
probably because a small fraction of the interviewees trawled in
the Pomo pit area, our maps overlap with the known species
distributions (Supplementary Figure 1).
LEK can be an instrumental management tool to reconstruct
historical information, such as changes in fish community
structure following commercial exploitation and climatic change,
or to detect rare species, and species invasions (Berkes et al., 2000;
Drew, 2005; Azzurro et al., 2011). In addition, LEK can be used
to describe changes in fishing methods and strategies (Damalas
et al., 2015a,b), leading in some cases, to approaches of adaptive
and qualitative management strategies of marine resources and
ecosystems (Berkes et al., 2000). Here we aimed to demonstrate
LEK’s utility and potential applications as an information tool
to characterize the structural changes and alteration of benthic
invertebrate assemblages, often unmonitored in conventional
fisheries management. Fishers’ perceptions may represent in
some cases the only option to reconstruct historical baselines
for habitats status and to map potential VMEs. Thus, LEK may
represent an additional tool to help driving actions needed to
reach the ecological targets of “Good Environmental Status”
(GES). In fact, the maintenance of benthic biodiversity, sea-
floor integrity, and a good status of benthic ecosystems through
the protection and restoration of benthic sensitive species and
habitats are among the targets of the 11 descriptors of GES
of the European Marine Strategy Framework Directive (MSFD-
EU, 2008). Moreover, LEK may contribute to the Habitat
Directive (92/43 CEE) through the identification of priority
habitats present in the central Adriatic Sea, such as biogenic-
carbonate reefs or oyster reefs, representing rich and fragile
biotopes affected by the high pressure of destructive fishing
(Conti et al., 2002; Beck et al., 2011; Taviani et al., 2015).
Thus, LEK could provide important information for defining
areas to be protected from trawling, providing maps of hotspots
of biodiversity, priority habitats and areas with presence of
VMEs and EFHs, promoting the development of an efficient
and sustainable management of the Adriatic fishing as aimed
by the Common Fisheries Policy (CFP) of the European
Union (EU).
Despite the potential of LEK for describing temporal changes
and spatial distribution of benthic invertebrate species, some
limitations of this approach emerged from our analysis. In
particular, for some of the selected species (see Table 2)
information about their presence in the bycatch is limited. This
could be related to the fact that fishers do not pay particular
attention to species that are not commercially important, or that
these species are not so abundant to be commonly observed,
or do not affect fishing activities. The interviewed fishers
also trawled different fishing grounds with different bottom
characteristics and species associations. Thus, the description
and identification of the selected megabenthic species, and
the likelihood they are observed by fishers, could be related
to the natural distribution of the benthic species and to the
characteristics of the Adriatic fishing grounds. Moreover, the
difference in the number of fishers’ responses for the sub-areas
identified in our study could be related to the port of origin. In
particular, the northern and southern analyzed sectors might be
trawled only by a subset of the interviewed fishers, depending
on the geographic location of their port of origin. Thus, the
number of observations for these sub-areas is smaller compared
to the central sub-areas because of their greater distance from
the different ports of the Marche region. It was not possible to
control for these aspects in this study, but future analyses should
address these issues. Finally, our models suggested that there
was a significant variability in the response of the individual
fishers (random intercept in our model). This aspect needs to
be considered when analyzing results from interview surveys to
obtain unbiased parameter estimates for other fixed effects. The
variability among fisher may be due to a variable perception
of abundance among individuals due to experience, recollection
ability, and any other factor capable of biasing the index of
abundance being modeled (Grant and Berkes, 2007). In the
absence of specific information to control for these biasing
factors, it is reasonable to assume that each fisher influenced the
variability of the responses in a random fashion according to a
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normal distribution with mean 0 and standard deviation to be
estimated from the data.
The widespread perceived decline of benthic species playing
important ecological roles (Table 1) in the central Adriatic may
have altered the Adriatic marine ecosystem functioning over the
past decades. Changes in benthic invertebrates we described here
are congruent with patterns of decline described by other authors
in the northern Adriatic through use of standard sampling
methodologies such as dredges and trawl surveys (Scardi et al.,
1999; Raicevich et al., 2004). These studies reported a net
reduction of the ratio discards/commercial species, with a decline
or disappearance of large filter feeding organisms (e.g., the
sponge Geodia) documented from 1980s to 2000s (Raicevich
et al., 2004) together with a general decreasing trend of the
diversity of macrobenthic assemblages (Scardi et al., 1999).
In other ocean sectors, the declines in benthic invertebrates
triggered entire regime shifts (Kaiser et al., 2000; Jackson, 2001)
and we expect that similar consequences may have occurred also
for the Adriatic Sea. Detecting the occurrence of these ecological
changes is of paramount importance for future studies.
Several factors may have driven the declines of megabenthos
species living on soft bottoms of the Adriatic basin. Declines of
sponges and other benthic invertebrates, for example, has been
associated with anoxic events (Fedra et al., 1976) in the northern
Adriatic basin. Climate change, such as temperature anomalies,
caused mass mortalities events in the central basin (Di Camillo
et al., 2013; Di Camillo and Cerrano, 2015; Kružic´ and Popijacˇ,
2015), and direct and indirect impacts of human activities, such
as fishing, have reduced the biodiversity and the complexities
of the Adriatic benthic communities (Raicevich et al., 2004;
Pronzato andManconi, 2008; Lotze et al., 2011).While we cannot
exclude the influence of multiple factors in driving the decline
of megabenthic species described here, our analysis supports the
hypothesis that intense trawling in the Adriatic Sea over the past
decades may have been a major factor determining the alteration
of the Adriatic soft bottom communities. In 1980s, Italian
Adriatic regions reached the maximum number of fishing vessels
together with the complete development of highly damaging
fisheries introduced in the 1960s (Froglia, 2000; AdriaMed, 2004;
Romanelli et al., 2009). In the 2000s the total number of fishing
vessels decreased (AdriaMed, 2004), however, new technologies
such as GPS systems have been introduced, improving the
exploitation of new fishing ground (Fortibuoni et al., 2017) and
the total fishing pressure on Adriatic seabed bottoms is currently
considered unsustainable. Because the LEK data we collected
in our study to detect fishers’ perceptions is mainly qualitative,
our models did not detect clear patterns moving from coastal
to offshore areas. However, distance from the coast is one of
the most important variables affecting our regression models, for
example for P. jacobaeus. In particular, our model suggests that
at increasing distance from the coast, higher classes of abundance
are more likely (Table 3). This relation with the proximity to the
coastline is characteristic of a community being exploited, such
as coastal communities that typically are exposed to a heavier
and more prolonged history of exploitation than those offshore.
Automatic Identification System and Vessel Monitoring System
analysis clearly revealed that trawling fishing effort is higher in
coastal areas with respect to offshore areas in the central Adriatic
Sea (Santelli et al., 2017). However, chronic and intensive effects
of bottom trawling fishing, with habitat degradation are well-
known (Pusceddu et al., 2014), and the long-term exploitation
of the Adriatic basin could have homogenized and simplified
Adriatic soft bottoms habitats and species composition even in
offshore areas. In particular, habitats formed by slow growing
and long-lived specimens such as sea pens, hydroids, or corals,
have a high vulnerability to fishing and even reduced fishing
effortmay cause considerable damage to these species, preventing
their recovery (Troffe et al., 2005; Greathead et al., 2014).
Moreover, the impacts of trawl fishing gears on the seabed differ
depending on the sediment compositions and on bottom trawl
target species (Pranovi et al., 2001, 2005; Eigaard et al., 2016).
Gear characteristics (e.g., changes in number, the size of meshes
in the cod end net, modification of the design of the doors, and
other parts of the trawl net) also possibly affected the level and
the type of damage by trawling gear on megabenthos. Our study
did not consider different gear types, thus the pattern described
by fishers is only relevant to a specific type of fishing gear. All
the interviewed fishers were otter trawler and used a fishing
gear that is generally standard across our focal area (that is an
Italian otter trawl as specified in Fiorentini et al., 1999). However,
because the interviewed fishers in most cases did not give us the
specific characteristics of their fishing gears (e.g., detailed size
of trawl net and numbers of used gears per haul), it was not
possible to confirm and clearly relate the fishing effort and fishing
gear characteristics with the observed megafauna trends. More
detailed analysis and new interviews are needed to fill these gaps
and to explore the most adequate restoration measures (Bastari
et al., 2016) that need to be urgently adopted.
CONCLUSIONS
Historical studies are fundamental for understanding long-
term changes in marine ecosystems. LEK surveys provide an
opportunity to fill this knowledge gaps as we demonstrated
here by focusing on historical changes of benthic invertebrates
species in the exploited Adriatic Sea. These approaches provide
an opportunity to reconstruct reference points for benthic
communities and may help management in setting recovery
target for ecosystem structure and even function at local and
regional scale. Therefore, extending these studies on a broader
geographic scale is a promising approach for drawing historical
baselines and inform marine management.
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